Crystals of MgSO~. 6H20 are monoclinic, space group C2/c, with 8 formula units in the unit cell with dimensions a=10.110, b=7.212, c=24.41 A; fl=98.30 °.
Introduction
The crystal structure of CoSOa.6H~O has been described in a previous paper (Zalkin, Ruben & Templeton, 1962) . Hydrogen bonds were assigned on the basis of the positions of the heavier atoms, but the X-ray diffraction data did not give direct evidence of the hydrogen atom positions. The present paper describes a study of the isomorphous substance MgSOa. 6H90 for which we have obtained more accurate diffraction data. These better data permit a more accurate description of the structure and indicate hydrogen atom positions in agreement with those deduced in the earlier work.
Crystals of MgSO4.6H20 are known in nature as the mineral hexahydrite (Dana & Ford, 1948) . Other substances which have the same structure are MgSeOa. 6HeO, NiSOa.6Hg.O, CoSeOd.6H~O, and ZnSOa. 6I-I20 (Groth, 1908) .
Experimental
Crystals of MgSOa. 6H~O were grown from saturated aqueous solution at 50-55 °C. Once grown and separated from the mother liquor, the exposed crystals could be kept at room temperatures for several months with no visible deterioration. A small single crystal with diameter 0.02-0.08 mm was mounted on a glass fiber and oriented for rotation about its b axis with the use of a Weissenberg camera. It was then transferred to a goniostat mounted on a General Electric XRD5 apparatus, which was equipped with a molybdenum X-ray tube, a scintillation counter, and a pulse-height discriminator, for further alignment and data taking. * Work done under the auspices of the U.S. Atomic Energy Commission.
Cell dimensions and crystal settings were calculated with 2(Kal)=0.70926 _~. Intensities were measured for 2576 reflections of which 289 were recorded as zero. All of the reciprocal lattice points with positive h and k, out to a limit of sin 0/A=0.705 (20=60 °) were measured.
Step scanning of the angle 0 was done for selected reflections to verify the settings for peak intensity. For the typical reflection, a single count was made for a fixed time of 20 seconds.
The absorption coefficient # for this crystal with Me Ks X-rays is estimated as 5.0 cm -1. The resulting /~R is less than 0.02. No correction was made for absorption or extinction.
An accurate trial structure was provided by the structure of CoSO4.6H20 (Zalkin, Ruben & Templeton, 1961) ; corresponding coordinates for atoms other than hydrogen differ by 0.01 or less in the two structures. Least-square refinements were started with the programs of Busing & Levy (1959) on the IBM 704 computer. We then used the IBM 709 computer with the programs of Gantzel, Sparks & Trueblood (1961) . Each program utilizes the full matrix, and each minimizes the function Y,w(IFo]-]Fcl)2/XwlFol ~, where w is the weighting factor and Fo and Fc are the observed and calculated structure factors. In this calculation, each independent reflection was assigned unit weight. The atomic scattering factors used in the refinements were Mg 2+ and neutral S (Tomiie & Stam, 1958 ), neutral O (Hoerni & Ibers, 1954 , and neutral H (International Tables for X- ray Crystallography, 1962) .
Space group and cell dimensions
The space group is C2/c (C~h) . Reflections The values in parentheses are those reported by Ide (1938) , changed from kX. The calculated X-ray density is 1.723 g.cm-~. The a:b:c ratios found in this and in previous work are: 1.402" 1 "3-384, fl= 98"30 ° (this work), 1-404:1' 3.404, fl= 98.57 ° (Ide, 1938) , ]'404" 1 "3-337, fl= 98"57 ° (Marignac, 1855).
The eight NIg atoms occupy two sets of positions 4(a) and 4(e) (notation of International Tables for X-ray Crystallography, 1952)" 4(a): (0, 0, 0; 0, 0, ½)+C centering, 4(e): (0, y, ¼; 0, -y, ~)+C centering.
The sulfur atoms, ten sets of oxygen atoms, and twelve sets of hydrogen atoms occupy general positions" 8(f)" _+ (x, y, z; -x, y, ½-z) + C centering.
Refinement procedure
At first hydrogen was omitted from the calculations. With isotropic temperature factors of the form exp (-Bsin ~. 0/~t~) for each atom, R=II]FoI-IFcII/ llFol was reduced to 0.120 by three cycles of least squares. After correction of a few blunders in the original measurements, two more cycles reduced R to 0.118.
A three-dimensional Fourier synthesis with (Fo-Fc) as coefficients was calculated to seek out the hydrogen atoms. The resulting maps showed a peak wherever a hydrogen atom was expected, as well as many others of about the same size which resulted from the anisetropic motion of oxygen atoms. A final isotropic refinement which included the hydrogen atoms but did not refine them resulted in R=0.115.
Anisotropic temperature factors of the form exp (-#~h'-#~-#~l'-2#~h~-2#~,hl-2#~1)
were introduced for Mg, S and O. Three cycles with hydrogen atoms included but not refined gave R= 0.056.
A set o~ (Fo-F~) values was calculated with the resulting parameters for Mg, S, and O, but omitting hydrogen. Another difference-Fourier synthesis was calculated with these numbers as coefficients. The twelve largest peaks in this function ( Fig. 1) were near the predicted locations of the twelve hydrogen atoms. As our least-square programs at this time could not handle at one time a refinement of all the atoms including hydrogen with all the anisotropic thermal parameters, we ran a series of calculations refining parts of the structure separately. Temperature factors were isotropic for H and anisotropic for the other atoms. First the H atoms were included but not refined, while all other parameters were refined. :Next tI atoms were refined with the other atoms fixed. Then Mg atoms were held fixed while all other atoms were refined; in this series only the 923 reflections with sin 0(/~ less than 0.5 were included.
Finally the H ~tom~ were fixed and all other atoms were refined. All this calculation reduced/~ to 0"053 for the 2576 reflections, including those with zero intensity. In the final cycle no coordinate or thermal parameter shifted more than 0"000001. The resulting observed and calculated structure factors are shown in Table 1 . The corresponding coordinates are listed in Table 2 and the thermal parameters in Tables 3 and 4. By a special patch, the program was modified to allow simultaneous refinement of all 159 variable parameters. Two cycles yielded no significant improve- -133  6  73  62 -24  82  95  14 659  641  -32  23~  235  -16  33 -45  -24  23~  245  -12 IO79 1106  4  771  773  8 52B  513  -26  226  218  13  56 -54  -33  -40  -17  133  127  -25  3 -13  124  102  3 391 -390  l0  597 -582  -28  0  -5  12 1348 1396  -34  117  102 -lB  285 -292  -14  285  305  2 655 -657  12  710 -724  -30  157 -123  11  502 -511  -lq  84  73  H.K=13, 1  -15  110 -105  ~ 1200 1200  14 480  423  -32  123  122  10  333 -299  H.K-5, 1  -20  339  341  L FOBS FCAL -16  413  463  957  951  16 1161 1159  9  313  326  L FOBS FCAL -21  72  -93  9  0  '2  -17  704 -711  -1  O -17  ~8 468  495  H,K-B, 0  8  707  667  30  148-169  -22  237  235  8  44  68  -18  288 -277  -2  601  580  20  65:-671  ~ FOBS FCAL  7  54 -71  29  97  95 -23  0  -~  7  87 -103  -19  135  124  -3  231 -231  22  -27  2  422  458  ~ 1285 1292  28  121  llg  -24  66 -6  6 238"-248  -20  32  53  "-4  27~  293  24 522 540 ,cont.' (2), (~(y) ---0.0002; for S, q(x) = 0.00006, (~(y) = 0.00008, a(z) = 0.00002 ; for oxygen, a(x) = 0.0002, a(y) ----0-0003, a(z) ----0-0001. mate of the true accuracy, since there is no obvious reason for the thermal motions of the various hydrogen atoms to be substantially different.
Discussion
The structure of MgSO4.6He0 differs very slightly from that already described for COS04.6 H20 (Zalkin, Ruben & Templeton, 1962) . The hydrogen bonds which were assigned in the previous study on the basis of oxygen positions are fully confirmed by the present results. Table 5 lists some interatomie distances and their standard deviations, with no correction for thermal motion. The S-0 bond distances in the sulfate ion average 1.473/~ with an average deviation of 0.007/~. When a librational correction is made assuming the oxygen atoms to ride on the sulfur atom, the average becomes 1.486 /~ with an average deviation of 0.004 Table 5 . Interatomic distances and standard deviations in MgS04.6H20
Water octahedron about Mg (1) Atoms Distance Mg (1)-2 0(5) 2.046 /~ 0.002 A -2 0(6) 2.044 0.003 -2 0 (7) 2.080 0.002 0(5)-0(6) 2.930 0.004 -0(6) 2.854 0.004 -0 (7) 2.986 0.003 -0 (7) 2.847 0.003 0(6)-0 (7) 2.889 0.004 -0 (7) 2.943 0.003
Water oetahedron about Mg (2) Atoms Distance Mg(2)-2 O(8) 2.083 • 0.002 -2 0(9) 2.054 0.002 -2 O(10) 2.059 0.003 0(8)-0(8) 2.917 0.004 -0(9) 2-943 O.003 -O(10) 2-876 0"003 -0(10) 2.973 0.003 0(9)-0(9) 2.896 0.003 -0(10) 2.850 0.003 -O(10) 2.972 0'003
Sulfate ion
Atoms Distance S-O(1) 1.476 /~ 0.002 /~ -0(2) 1.460 0.003 -0(3) 1-482 0.002 -0(4) 1.475 0.002 Atoms 0(5) -H(1) 0(5) -H(2) 0(6) -It(3) 0(6) -H(4) 0(7) -It(5) 0(7) -H(6) 0 (8) 
